It is well established that in the absence of photic cues, the circadian rhythms of rodents can be readily phase-shifted and entrained by various nonphotic stimuli that induce increased levels of locomotor activity (i.e., benzodiazepines, a new running wheel, and limited food access). In the presence of an entraining light-dark (LD) cycle, however, the entraining effects of nonphotic stimuli on (parts of) the circadian oscillator are far less clear. Yet, an interesting finding is that appropriately timed exercise after a phase shift can accelerate the entrainment of circadian rhythms to the new LD cycle in both rodents and humans. The present study investigated whether restricted daytime feeding (RF) (1) induces a phase shift of the melatonin rhythm under entrained LD conditions and (2) accelerates resynchronization of circadian rhythms after an 8-h phase advance. Animals were adapted to RF with 2-h food access at the projected time of the new dark onset. Before and at several time points after the 8-h phase advance, nocturnal melatonin profiles were measured in RF animals and animals on ad libitum feeding (AL). In LD-entrained conditions, RF did not cause any significant changes in the nocturnal melatonin profile as compared to AL. Unexpectedly, after the 8-h phase advance, RF animals resynchronized more slowly to the new LD cycle than AL animals. These results indicate that prior entrainment to a nonphotic stimulus such as RF may "phase lock" the circadian oscillator and in that way hinder resynchronization after a phase shift.
Desynchronization of human circadian rhythms occurs after rapid travel across time zones but may also develop under shift-work schedules where the sleep-wake cycle is displaced on a regular basis (Gander et al., 1989; Weibel et al., 1996; Weibel et al., 1997; Barnes et al., 1998) . Until the correct phase relationship between the internal circadian physiology and external zeitgebers is established, a number of mental and physical disorders are evident that contribute to the general phenomenon of "jet lag" (Waterhouse et al., 1997; Graeber, 1998) . Animal studies show that after an 8-h advance of the LD cycle, which simulates an eastward transition over eight time zones, the melatonin rhythm adjusts to the advance shift only within five cycles or more (Illnerova et al., 1989; Kennaway, 1994; Drijfhout et al., 1997) . Locomotor activity rhythms may even take more than eight cycles (Mrosovsky and Salmon, 1987; Van Reeth and Turek, 1987; Redman and Armstrong, 1988; Redman et al., 1995) .
Therefore, potential treatment strategies designed to facilitate or speed up reentrainment and adaptation to the LD conditions of the new environment may be of help. An impressive example of the potential usefulness of nonphotic zeitgebers comes from a few hamster and rat studies. Resynchronization to a shifted LD cycle can be greatly accelerated (in some cases, to less than 2 days) if, at the time of the new dark onset, animals are made more active by triazolam injections or by confinement to a new wheel (Mrosovsky and Salmon, 1987; Van Reeth and Turek, 1987) . In humans too, exercise can induce phase shifts (Van Reeth et al., 1994; Buxton et al., 1997) and may promote reentrainment (Eastman et al., 1995) . The second set of interesting observations concerns the resetting properties of nonphotic conditioned stimuli. In rats, a neutral nonphotic stimulus paired with light in Pavlovian condition trials was capable of eliciting cellular and behavioral effects characteristic of phasedependent resetting of the pacemaker by light (Amir and Stewart, 1996) . In a similar way, restricted water availability paired with the onset of the dark period increased the pineal melatonin content (Golombek et al., 1994) .
One of the most potent nonphotic entraining signals known today is the restricted feeding (RF) paradigm (Stephan, 1986; Rusak et al., 1988; Abe and Rusak, 1992; Mistlberger, 1994; Challet et al., 1997b; Choi et al., 1998; Kalsbeek et al., 1998) . As a result of a limited access to food at a fixed time of day, rats develop robust prefeeding (or anticipatory) peaks in several physiological functions, such as locomotor activity, body temperature, and plasma corticosterone within about 1 week. In addition, RF has been reported to cause a phase advance of the vasoactive intestinal polypeptide (VIP) rhythm in the SCN (Morin et al., 1993) and of a number of physiological rhythms, that is, locomotor activity, body temperature, and plasma melatonin (Challet et al., 1997b) . On the other hand, no RF-induced phase changes could be detected in the rhythm of vasopressin release from the SCN (Kalsbeek et al., 1998) , and also the predusk circadian corticosterone rise remained (Honma et al., 1992; Yoshihara et al., 1996; Challet et al., 1997b; Kalsbeek et al., 1998) . Interestingly, the onset of the main feeding period of ad libitum (AL) fed animals (i.e., the dark period) is characterized by a bout of increased locomotor activity and a circadian rise in body temperature and plasma corticosterone that is very much similar to the anticipatory peaks induced by RF.
In the present study, we tested the accelerating potency of RF on the reentrainment of the melatonin rhythm. Restricted feeding was imposed 4 weeks prior to the 8-h advance at the projected time of the new onset of the dark period (i.e., ZT 4 to 6). Due to the anticipatory peaks and the reported phase-advancing properties of the RF paradigm, we expected a rapid reentrainment of the melatonin rhythm after the 8-h phase advance.
MATERIALS AND METHODS
Male Wistar rats were used in all experiments. They were kept in a temperature-controlled environment (20 to 22°C) in which a 12:12 h LD cycle was in effect: lights on at zeitgeber time 0 (ZT 0; i.e., at 0600 h) and off at ZT 12 (i.e., 1800 h). During the light period, light intensity was 150 to 200 lux at the level of the cages. During the dark period, three 15 W red globes gave a continuous dim red light of approx. 1 lux at the level of the cages. Before the start of the actual experiments, animals were allowed to acclimatize to the lighting schedule for several weeks with 4 to 6 animals per cage. All experiments were performed in the animals' own home cages (38 × 26 × 16 cm). Water was available AL. Food was provided AL or, in the case of RF, only between 1000 and 1200 h (i.e., between ZT 4 and ZT 6). Animals had been on RF for at least 4 weeks before the start of the sampling experiments. All of the following experiments were conducted under the approval of the Animal Care Committee.
Pineal melatonin release was measured in subsequent nights by the transpineal dialysis technique according to Drijfhout et al. (1993) . Experiments were started after allowing the animals to recover 4 to 6 days from the intracerebral operation. During the experiments, the animals were permanently connected to the dialysis system. Catheters were protected by a metal sheath and kept away from the animals by means of a counterbalanced beam. This allowed normal movements, sleep, feeding, body weight recovery, and growth. Pineal dialysate (flow rate 3 µl/min) was collected in 60-min fractions. Dialysate samples of the transpineal probe were stored at -20°C until assayed for melatonin by radioimmuno assay (RIA).
Experiment 1
Fourteen animals on AL feeding were fitted with a transpineal microdialysis probe. After the recovery period, the nocturnal melatonin profile (i.e., ZT 11 through ZT 25) was sampled on days 0, 8, and 15.
Experiment 2
Fifteen animals on AL feeding were provided with a transpineal microdialysis probe. After the recovery period, the nocturnal melatonin profile (i.e., ZT 11 through ZT 25) was sampled on day 0. Subsequently, an 8-h phase advance of the LD cycle was introduced by shortening the first light period following the measurement of the nocturnal melatonin profile from 12 h to 4 h. Nocturnal melatonin profiles were determined again during dark periods 5 and 10 after the 8-h phase advance.
Experiment 3
Sixteen animals on the restricted feeding schedule (i.e., food only available from ZT 4 to ZT 6) were provided with a transpineal microdialysis probe. After a 4-to 6-day recovery period, pineal melatonin release was measured for 36 h starting at ZT 0 of day 0 and ending at ZT 12 of day 1. The first 24-h cycle animals were still on restricted feeding. Subsequently, an 8-h advance of the LD cycle was introduced by shortening the light period of day 1 to 4 h (i.e., the onset of the new dark period now coincided with the onset of the 2-h period of restricted feeding). From ZT 4 at day 1 onward, animals were put on AL feeding again. Sub-sequently, the reappearance of the nocturnal melatonin profile was determined by sampling pineal dialysate during the first part of the dark period (i.e., ZT 2 to ZT 12 before the shift, or ZT 10 to ZT 20 after the shift) in cycles 2, 5, 6, 7, 8, 9, 12, 13 , and 14 following the 8-h phase advance.
To test the effects of repeated sampling and RF, the time patterns of melatonin release were evaluated with multivariate analysis of variance (MANOVA). Differences between days were analyzed by a twoway MANOVA with both days (3 levels) and sampling time (14 levels) as repeated measures within subject factors, followed, if F-values were appropriate, by a Student's t-test on paired samples. To test the possible phase-shifting effect of repeated sampling sessions and RF, a phase-marker for the onset of melatonin release was used. In this method, a sigmoidal curve (Bolzman, nonlinear regression) is fitted through the data points of each individual experiment, and the time at which 50% of the maximal increase in melatonin is reached is calculated and referred to as IT50 (Drijfhout et al., 1996) . To assess the degree of reentrainment, total nocturnal melatonin output was determined for individual animals as the area under the curve (AUC) from ZT 10 to ZT 20.
RESULTS
A total of 45 animals was provided with a transpineal dialysis probe. After the recovery period of 5 or 6 days, the pineal probe was obstructed in 5 animals (i.e., 11%). In another 8 animals (i.e., 20%), melatonin levels were at or below the detection level in the majority of the samples. In the remaining 32 animals, nocturnal peak levels showed considerable interindividual differences (i.e., mean peak levels 2 to 5 pg/25 µl dialysate, n = 11, or >50 pg/25 µl dialysate, n = 4), as reported previously. Restricted feeding resulted in a 10% drop of body weight after 1 week (mean ± SEM = -10.3% ± 0.7%), which slowly recovered to -4.9% ± 0.8% and -2.3% ± 1.3% after 2 and 4 weeks of the initiation of the RF schedule. Control animals gained~20% body weight in the same 4-week period.
In experiment 1, animals were provided with a transpineal dialysis probe, and the nocturnal melatonin profile was assessed on three different occasions, if possible. After a recovery period of 5 or 6 days, the melatonin profile was assessed for the first time (designated as day 0; n = 10). Subsequently, the melatonin profile was determined again in the same animals on day 8 (n = 8) and day 15 (n = 5; Fig. 1a ). Analysis of variance (ANOVA) detected no effect of time after implantation or repeated sampling on the recovery of melatonin (sampling on days 0, 8, and 15: days F(2, 20) = 0.32, p = 0.732; ZT-time F(13, 260) = 15.15, p < 0.001; days × ZT-time F(26, 260) = 0.54, p = 0.968). Another indication for the fact that identical melatonin profiles were obtained are the AUC and IT50, which were not significantly different between the three measurements (AUC: day 0, 131 ± 45; day 8, 173 ± 50; and day 15, 107 ± 42; ANOVA F(2, 20) = 0.32, p = 0.729; IT50: day 0, 15.96 ± 0.33; day 8, 15.39 ± 0.47; day 15, 14.78 ± 0.52; ANOVA F(2, 20) = 1.75, p = 0.2). Post-hoc analysis, considering only the data from those animals that could be sampled on all three occasions (i.e., days 0, 8, and 15; n = 5) provided comparable statistical results, although there was a significant interaction effect of days × ZT-time, F(26, 104) = 1.89, p = 0.013, caused by the trend toward both a higher AUC on day 8 and an earlier IT50 on day 15 (p = 0.094 and p = 0.054, respectively).
Next, we compared the melatonin profiles of the three experimental groups (i.e., AL-control, AL-shift, and RF-shift) on day 0 ( Fig. 1b ). ANOVA detected no effects of group, F(2, 29) = 0.51, p = 0.605, or group × ZT-time, F(26, 377) = 0.74, p = 0.825. Only a clear effect of ZT-time was detected, F(13, 377) = 22.29, p < 0.0001. These results indicate that the RF paradigm did not induce major changes in the melatonin profile, such as amplitude or acrophase. The results of the ANOVA were confirmed by the comparisons of the IT50 (ALcontrol: 15.96 ± 0.33, AL-shift: 16.00 ± 0.33, and RFshift: 15.34 ± 0.37; F(2, 30) = 1.38, p = 0.265) and AUC of the three groups (AL-control: 131 ± 45, AL-shift: 177 ± 50, and RF-shift: 122 ± 30; F(2, 30) = 1.04, p = 0.366). Fig. 2 shows the recovery of the melatonin rhythm during the first 10 days after an 8-h phase advance for the control animals ( Fig. 2 a,b ) and the animals that were on restricted feeding (Fig. 2 c through f) . Five days after the 8-h advance, about 50% of the control animals showed elevated melatonin levels during the new dark period. Remarkably, the elevated melatonin levels showed a steep decrease 4 h before the end of the dark period. Normally this decrease only occurs during the final hour of the dark period. On the other hand, none of the animals on RF showed elevated melatonin levels 5 or 6 days after the phase advance. Ten and 12 days after the 8-h phase advance, melatonin profiles could be measured only in 5 animals of both the AL and RF groups (42% and 50%, respectively). All of these AL animals and 4 out of 5 of the RF animals showed elevated melatonin levels by now. At this stage, the offset of the melatonin rhythm in the AL animals showed a normal timing again, that is, in the final hour of the dark period. In Fig. 3 , the melatonin output as a percentage of preshift values is depicted for the three experimental groups. In the RF animals, melatonin rhythms were measured only from ZT 10 to ZT 20. We therefore used the same time span in the control animals to calculate recovery. As is clear from Fig. 2a , this restriction will overestimate the percentage of recovery since melatonin release during the final hours of the dark period takes more time to reappear than melatonin release during the first part of the dark period. In the nonshifted control groups, melatonin release shows a temporary increase (p = 0.045) 1 week after the start of the first pineal perfusions (Fig.  3a) . After 2 weeks, however, the remaining animals show values very much comparable to the melatonin output during the first experiment. The two experimental groups showed an opposite response, that is, a decreased melatonin output in the first week after the start of the experiments and subsequently recovery toward initial values (Fig. 3 b,c) . In the first LD cycles following the 8-h phase advance, nocturnal melatonin output is less than 5% of preshift values. Five days after the shift, mean melatonin output in the AL-shift group is already 72% ± 16% of preshift values, with large individual differences (i.e., range 2%-179%, median 74%). At day 6, however, the animals in the RF-shift group still only show 7% ± 2% of their original melatonin output (range 2%-20%, median 6%). At 10 days after the 8-h phase advance, AL animals have reached a nocturnal melatonin output comparable to preshift values 104% ± 21% (range 60%-178%, median 95%, p = 0.486). Nocturnal melatonin output in RF animals increases from 7% ± 2% at day 6 to 26% ± 8% and 52% ± 21% of preshift values at days 7 and 8, respectively. Starting from day 9 onward, the nocturnal melatonin output in RF animals no longer differs significantly from preshift values (p = 0.096 and p = 0.431 at days 9 and 12, respectively). At days 13 and 14, only 3 animals were left to be sampled. Recovery in these 3 animals increased slowly from 60.2% ± 28.5% at day 12 to 60.9% ± 28.0% and 72.0% ± 31.0% at days 13 and 14, respectively.
DISCUSSION
Transpineal microdialysis allows an in vivo and high time-resolution measurement of the melatonin production. Prolonged sampling within the same animal reduces an important component of the high interindividual variability. In general, however, dialysis experiments have the drawback that chronic or repeated experiments are not feasible, due to blocking of the probe or decreased recovery (Myers et al., 1998) . In previous experiments, we successfully dialyzed about 75% of the animals for~10 h a day on 5 consecutive days (Barassin et al., 1999; Kalsbeek et al., 1999) . Furthermore, these studies showed a low intraindividual variability on the 5 subsequent sampling days for different markers of the melatonin rhythms, such as IT50, DT50, and peak duration. Therefore, we investigated in experiment 1 how much this period could be prolonged and how the repeated sampling would affect the melatonin profile. Again after 1 week, approx. 80% of the animals could still be successfully dialyzed, but this percentage decreased to approx. 50% after 2 weeks. Importantly, animals were lost only due to a blockade of the probe and not because of a diminished melatonin recovery. In fact, melatonin recovery even improved in some animals during the second week. But no significant changes in IT50 and AUC were observed, even after 15 days. Therefore, as long as the dialysis probe is not obstructed, melatonin profiles with little intraindividual variation can be obtained for at least 2 weeks after the start of the experiments.
In accordance with our results, a number of previous studies, but using decapitation to collect plasma, did not find a phase-advancing effect of restricted daytime feeding on the melatonin rhythm either (Holloway et al., 1979; Herbert and Reiter, 1981; Ho et al., 1985; Chik et al., 1987) . Therefore, just like the corticosterone rhythm and vasopressin release from SCN terminals (Kalsbeek et al., 1998) , the melatonin rhythm does not provide any evidence for a phase shift of (parts of) the circadian pacemaker due to RF. Previously, the results of Morin et al. (1993) indicated a phase-advancing effect of restricted daytime feeding on the VIP rhythm in the SCN. Other results, however, including our own, showed that although RF might affect the activity of SCN neurons, it did not change the phase of the oscillator (Inouye, 1982; Kalsbeek et al., 1998) . Moreover, another line of experiments does not provide much support for a phase-shifting property of RF in rats either. Experiments using daily sessions of forced treadmill activity in rats suggest that activity is a very weak zeitgeber in rats (Mistlberger, 1991a) , and RF rarely entrains free-running circadian rhythms in this species (Stephan, 1986; Mistlberger, 1994) , whereas the same procedures do so readily in hamsters (Rusak et al., 1988; Mistlberger, 1991b) and mice (Edgar and Dement, 1991) . On the other hand, using a hypocaloric RF design in rats, Challet et al. (1997b) phase advance of the melatonin, but not the corticosterone, rhythm. It may be that adding a caloric restriction to the RF considerably enhances its phase-advancing potency (Challet et al., 1998) . In addition, the motivational context of the exercise may be important. Hamsters that run spontaneously when put in 62 JOURNAL OF BIOLOGICAL RHYTHMS / February 2000 novel wheels are much more likely to phase shift than those that need to be induced to run by a cold environment (Mrosovsky and Biello, 1994) . Research in blind humans, too, indicates that at best nonphotic stimuli exert only small synchronizing or resetting effects on the human circadian pacemaker (Klerman et al., 1998) . The 8-h phase advance caused a major disturbance of the nocturnal melatonin profile. Immediately after the phase advance (i.e., after a 4-h light period), the nocturnal melatonin profile was completely flat in all RF animals. Previously, Drijfhout et al. (1997) showed that also in the second dark period after a similar LD shift, none of the AL-fed animals showed any nocturnal melatonin release. Five LD cycles after the 8-h advance, total nocturnal melatonin release had recovered to about~40%, and after 10 LD cycles, it was restored to~85% and was no longer significantly different from the preshift situation. Comparable results were obtained previously by Drijfhout et al. (1997) ; that is, 5 days after the phase advance, a nocturnal melatonin rise was seen in 50% of the animals, and 10 days after the shift, there were no significant differences anymore from preshift values. Our data are also in good agreement with a previous study of Kennaway (1994) , showing a restoration of total 6-sulphatoxymelatonin excretion in albino rats 6 to 8 cycles after an 8-h phase advance.
Prior entrainment of the animals to the postshift LD-cycle by RF at the time of the projected onset of the new dark period did not accelerate the speed of reentrainment after an 8-h phase advance. On the contrary, there was a trend toward retardation, especially during the initial period of reentrainment. During the fifth dark period after the shift, none of the RF animals showed any nocturnal melatonin release, whereas control animals had reached already ±70% of the preshift values. More than half of the control animals even showed recovery values greater than 75%. In RF animals, mean nocturnal melatonin output no longer differed significantly from preshift values only after 9 LD cycles. Therefore, the RF paradigm seems to inhibit instead of accelerate reentrainment in at least a subpopulation of animals. In the subsequent days, individual RF animals showed large differences in the speed of reentrainment (recovery ranged from 19% to 310% at day 12 in RF animals vs. 60% to 178% at day 10 in AL animals). Thus, the individual differences in entrainment rate that are already apparent in control animals seem to be exaggerated by the RF paradigm.
At present it is not clear what causes the phaselocking effect of the RF paradigm. An interesting explanation, however, is offered by the results of previous Pavlovian condition trials (Golombek et al., 1994; Amir and Stewart, 1996) . The results of Golombek et al. (1994) show that a rise in melatonin can be elicited by a conditioned stimulus such as restricted water availability already after 1 week of training with lights off as the unconditioned stimulus. The studies Kalsbeek et of Amir and Stewart clearly show that different conditioned stimuli are able to activate (or inhibit) cellular elements of the circadian pacemaker Stewart, 1996, 1998) . In a similar way also, RF may be able to affect the circadian oscillator (Challet et al., 1997a) . Indeed, previous results do show an inhibition of SCN firing rate (Inouye, 1982; ) and vasopressin release (Kalsbeek et al., 1998) during or shortly after the 2 h of increased feeding activity.
Therefore, the repeated association of mealtime with a particular phase of the light-entrainable pacemaker may result in an associative learning process (Armstrong, 1980) conferring the daily meal the capacity for some limited control of the pacemaker, sufficient to delay reentrainment to a shifted LD cycle, but not sufficient to prevent reentrainment altogether. Another explanation, although maybe counterintuitive, is that the (daytime) feeding stimulus acts to synchronize oscillators within the SCN or between the SCN and their multiple outputs. The increased coupling among the circadian oscillators will delay the response of the circadian system to a shifted LD cycle. Similarly, the accelerating effect of pinealectomy on splitting of activity rhythms or reentrainment after a shift of the LD cycle has been explained by the removal of the endogenous coupling agent melatonin (Yanovski et al., 1990; Aguilar-Roblero and Vega-Gonzalez, 1993; Kopp et al., 1998) . A third possibility is that the glucoprivation induced by the feeding schedule attenuates the responsiveness (sensitivity) of the circadian system to the phase-shifting properties of light, causing a retarded rate of reentrainment. Indeed, recently it has been shown in mice that a reduced glucose availability, induced by either fasting, pretreatment with insulin, or 2-deoxy-D-glucose, causes an overall reduction of light-induced phase shifts (Challet et al., 1999) .
Yet another intriguing observation was the differential reentrainment speed of the onset and offset of the melatonin rhythm. During the fifth dark period after the LD shift, the onset of the melatonin rhythm had resumed its normal phase position again. Peak melatonin levels, however, decreased already at ZT 20 1 2 , that is, approx. 3 h earlier as compared to the preshift situation. A similar observation was made previously by Drijfhout et al. (1997) . In that study, the authors showed that the premature offset of the melatonin rhythm is very well explained by assuming the existence of morning and evening oscillators that control the melatonin rhythm. Unfortunately, we do not have the complete postshift melatonin profiles of the RF animals. Therefore, it is not clear if RF affects the two oscillators differently. However, the effect of RF on reentrainment of the morning oscillator is clear. Only after approx. 9 LD cycles does the onset of the melatonin rhythm retain its preshift phase position again ( Fig. 2e ), instead of after 5 LD cycles, as is the case in the AL-fed animals.
In conclusion, the present study provides yet another piece of evidence that nonphotic stimuli are able to affect the circadian oscillator. Contrary to what we had predicted, however, prior RF decreased, instead of facilitated, reentrainment of the melatonin rhythm after an 8-h phase advance. Therefore, although timed exercise after a phase shift may accelerate reentrainment, timed exercise before an expected phase shift may be counteractive by "phase-locking" the circadian oscillator through a process of associative learning. Melatonin, on the other hand, seems to be effective both when given as timed injections during the initial phase of reentrainment (Redman and Armstrong, 1988; Illnerova et al., 1989 ) and when given continuously already before the shift Marumoto et al., 1996) .
